The main purpose of this work is to investigate the fracture mechanical properties of aeronautical polymethyl methacrylate, which has been treated with directional tensile technology. Because of the special processing of directional polymethyl methacrylate, the molecular chain structures are different in different directions. The mechanical properties depend on the specific molecular chain structures. We use extended digital image correlation to measure the displacement field near the tip of the crack when the cracks grow in different directions in directional polymethyl methacrylate. We then tested the critical load for different specimens and analyzed the fracture morphology of the different specimens. Thanks to the experimental results, a molecular chain model of directional polymethyl methacrylate could be established. The analysis results using the molecular chain model are consistent with the experiments, which confirms the reliability of the molecular chain model.
Introduction
Polymethyl methacrylate (PMMA) is widely used in the field of aviation, due to its excellent properties, such as lightweight, high temperature resistance, high light transmittance, and good mechanical properties. The mechanical properties of PMMA have attracted additional attention after several plane crashes were caused by cracks in a hatch made of PMMA.
Research on fatigue and fracture properties of polymer materials started in the 1960s because of high requirements for strength and reliability. Berry [1] confirmed that Griffith strength theory could be used to analyze the brittle fracture of PMMA. Recently, this theory and related experiments have become important means to analyze the fracture of polymer material in general. Mukherjee and Burns [2] proposed that fatigue of PMMA was determined by three parameters: stress intensity factor amplitude, average stress intensity factor, and frequency. Woo and Chow [3] unified the fatigue crack propagation formula for metal aluminum and the nonmetallic PMMA. They proposed that the strain energy release rate amplitude should be used to analyze crack propagation but not the stress intensity factor amplitude. Cheng et al. [4, 5] studied the influence of temperature and loading rate on the tensile strength and fracture toughness of PMMA. Kim et al. [6, 7] proposed that the fatigue crack growth rate of most polymers increases with increasing temperature and decreases with increasing loading frequency. Ramsteiner and Armbrust [8] solved some fatigue practical problems with polymers, such as the measurement of crack propagation, the influence of the specimen shape, the applied frequency, the measurement with constant or increasing stress intensity amplitude, and the propagating crack as a signal for transitions in the internal deformation process. Yao et al. [9] investigated the dynamic fracture behavior of thin PMMA plates with three-and four-parallel edge cracks using the method of caustics and a high-speed Schardin camera. Yao et al. [10] investigated dynamic fracture behavior of a thin PMMA sheet with two overlapping offset-parallel cracks 2 Advances in Materials Science and Engineering under tensile loading using the optical method of caustics in combination with a Cranz-Schardin high-speed camera. Xu et al. also [11] studied the fracture characterization of a V-notch tip in PMMA material using an optical caustics method. Sahraoui et al. [12] measured the dynamic fracture toughness of notched PMMA at high impact velocities, where the classical method is limited by the inertial effects. The direct measurements of the specimen deflection are successfully used for toughness evaluation. Zhang et al. [13] studied the fracture characteristics of PMMA with different offset cracks under three-point bending using the digital gradient sensing method. Ayatollahi et al. [14] studied the brittle fracture characteristics of PMMA under compressive loading using the theoretical and experimental methods. Berto et al. [15, 16] studied the fracture characteristics of PMMA using notched specimens tested under torsion at room temperature and at −60 degrees C.
Sauer and Hsiao began to investigate the craze phenomenon of polymers in 1949. Kies and his coworkers were inspired because the top of PMMA hatch has improved craze resistance. They studied biaxial and multiaxial tension oriented PMMA. Oriented PMMA is manufactured as follows: a PMMA plate is pulled under directional stresses following a preselected temperature profile that includes heating, keeping, and cooling. Oriented PMMA has a higher pull strength and elasticity module than normal PMMA. Some important components (e.g., hatches) of airplanes are often made of oriented PMMA plates.
There have been extensive studies of the mechanical properties of PMMA. However, most of the previous studies use the isotropic mechanical model. Because of the special processing of oriented PMMA, the molecular chain structures vary in different directions. The fracture mechanical properties depend on the molecular chain structures. Therefore, the isotropic mechanical model is unable to describe the mechanical properties of oriented PMMA [17] .
Extended digital image correlation was used to measure the displacement field near the tip of the crack when cracks grow in different directions. In addition, the critical load for different samples was tested. The fracture morphology represents the historical record of the material fracture. The mechanism of the fracture can be found via analysis of the fracture morphology. The fracture morphology of different specimens was also analyzed. Based on the experimental results, the molecular chain model of oriented PMMA was established. The molecular chain model can be used to analyze the fracture mechanical properties of oriented PMMA. The analysis results of the molecular chain model are consistent with the experimental results, which also confirm the reliability of the molecular chain model.
Extended Digital Image Correlation
Digital image correlation (DIC) [18] [19] [20] is an established method to measure mechanical parameters. However, this method is not applicable for displacement measurement of a discontinuous interface and cannot solve fracture problems. Recently, an algorithm named extended digital image correlation (X-DIC) [21] [22] [23] [24] [25] has been used to solve this problem. The method tracks the gray value pattern in small neighborhoods called subsets during deformation. Two digital images (the reference image and the deformed image) are used to record the surface changes of the specimen. Here, ( , ) is the gray level value at coordinate ( , ) of the reference image, and ( * , * ) is the gray level value at coordinate ( * , * ) of the deformed image. Any point with coordinates ( , ) in the reference image relates to the deformed image via the deformation
In this equation, and V are the horizontal and vertical displacements of the point ( , ), respectively.
According to the gray level values of the reference image and the deformed image, the correlation factor is expressed as
In (2), when the correlation factor has the minimum value, the real displacement is = test and V = V test . In this step, a correlation algorithm that is directly linked with finite element simulations is developed. We chose the Bilinear Quadrilateral (Q4) finite elements as the simplest basis. The element is considered a subset of the correlation algorithm. Within the subset, the displacement field is [26] 
is the Q4 shape function; ⇀ are the displacement components of the nodes; ⇀ are the improved degrees of freedom of the nodes on the unit cut by the crack; ⇀ are the improved degree of freedom of the nodes on the unit that includes the tip of the crack; is the set of all nodes; Γ is the set of nodes cut by crack; Λ is the set of nodes on the unit that includes the tip of the crack; ( ⇀ ) is called Heaviside Function and expressed as
where is the sample point, * is the closest point to that lies on the crack, and is the direction vector perpendicular to the crack face at * . ( ⇀ ) is the function of the tip of the crack and expressed in the local coordinate system as follows:
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Experiment and Analysis

Displacement Near the Tip of the Crack.
In order to investigate the mechanical properties in different directions of the oriented PMMA plate, two specimens were cut from an oriented PMMA plate in different directions shown in Figure 1 . Pulling loads during the process are in -plane.
The fracture mechanical properties of oriented PMMA are studied with the three-point bending beams shown in Figure 2 . The length of the horizontal specimen is 120 mm; the width is 30 mm; the crack length is 14 mm. The crack direction is , which is also the oriented direction. The length of the vertical specimen is 30 mm; the width is 7.5 mm; the crack length is 2.2 mm. The crack direction is , which is perpendicular to the oriented direction.
Usually the front of a crack is subjected to threedimensional effects that should be considered. Threedimensional effects near the front were subjected to many analytical, numerical, and experimental studies in the past 50 years [27] [28] [29] . In this paper, the direction of crack propagation is studied using the displacement field of the tip of the crack. The three-dimensional effects do not affect the conclusions of this paper. Extended digital image correlation was used to test the displacement field near the tip of the crack of specimens. Considering the experimental results, the fracture mechanical properties of oriented PMMA were analyzed. The surfaces of both the horizontal and vertical specimen have the prefabricated spot shown in Figures 3(a)  and 3(c) . According to the surface images of loads 355 N and 817 N, extended digital image correlation was used to measure the direction displacement field near the tip of the crack of the horizontal specimen shown in Figure 3(b) . In addition, according to the surface images of loads 114 N and 187 N, extended digital image correlation is also used to measure the displacement field in direction near the tip of the crack of the vertical specimen shown in Figure 3(d) . The displacement field in direction near the tip of the crack of the horizontal specimen is symmetrical. Therefore, the crack of the horizontal specimen grows in the crack direction, while the displacement field in direction near the tip of the crack of the vertical specimen is not symmetric. The crack of the vertical specimen grew in an oblique direction.
The crack propagation directions of different specimens were analyzed. The maximum circumferential normal stress theory is a type of crack propagation criterion. When the circumferential normal stress reaches the limit values, the crack begins to grow. This crack propagation criterion is the simplest and often used. According to maximum circumferential normal stress theory, the crack of the three-point bending beam grows in the crack direction. The experiments show that the crack of the horizontal specimen grows in the crack direction. Therefore, maximum circumferential normal stress theory is consistent with our experimental results. However, the theory is not suitable to be applied to the vertical specimen. The crack of the vertical specimen grows in an oblique direction. The reason will be analyzed. Because the molecular chains vertical to the oriented direction are not oriented, the mechanical properties are inferior compared with the oriented direction. The nonoriented molecular chains of the vertical specimen are damaged first, so the crack of the vertical specimen grows in an oblique direction.
Critical Load.
Fracture toughness is important for the fracture mechanical properties of oriented PMMA. Fracture toughness is tested in two directions for the horizontal and the vertical specimen [13] . One is in the direction of the directional tension; the other is perpendicular to it. Equation (6) is the formula for the stress intensity factor.
4 Advances in Materials Science and Engineering where is the thickness, = 2 is the width, = 4 is the length, is the length of crack, and is the load.
The length of the horizontal specimen is 120 mm; the width is 30 mm; the crack length is 14 mm. The crack direction is in the oriented direction. The length of the vertical specimen is 30 mm; the width is 7.5 mm; the crack length is 2.2 mm.
The goal of fracture toughness testing is to find the critical load for crack propagation using -curve. Load was tested with a load sensor, and the crack opening displacement mouth was tested using the extensometer normally. The specimen is very small, so there is not enough space to attach the extensometer. Hence, digital image correlation, which replaces the extensometer, is applied to the test crack opening mouth displacement . The tester and digital CCD camera are synchronous, so CCD could collect speckle patterns of different loads, which were used to draw -curve shown in Figure 4 .
The critical load of the horizontal specimen was 817 N. The fracture toughness value was 194.87 N/mm 3/2 for the horizontal specimen which was obtained using the critical load and specimen size using (6) . The critical load of the vertical specimen was 208 N. Similarly, the fracture toughness value 91.32 N/mm 3/2 of the vertical specimen was obtained. Due to the restrictions of the plate thickness, the vertical specimen is small and the sizes of horizontal and vertical Advances in Materials Science and Engineering specimens are different. In this paper, the fracture toughness is used to calculate the critical loads of the same size, which can reflect the fracture mechanical properties in different directions clearly. Considering (6) , if the vertical specimen is as big as the horizontal specimen, the critical load is 383 N shown in Table 1 . The experimental results show that the critical load of the horizontal specimen is larger than that of the vertical one. Hence, the crack perpendicular to the directional tension grows more easily. . The fracture surface of the horizontal specimen has a fibrous structure, suggesting a ductile fracture. The fracture surface of the horizontal specimen shows clear plastic deformation, while the fracture surface of the vertical specimen shows no plastic deformation but reveals bright crystallization indicating a brittle fracture. Based on the analysis of the fracture morphology we conclude that the horizontal specimen has superior fracture mechanical properties compared to the vertical specimen because of the oriented molecular chains.
Molecular Chain Model
The crack propagation direction of the horizontal and vertical specimen is shown in Figures 6(a) For the horizontal specimen, when the maximum tensile stress is equal to the value of the tensile strength shown in Figure 7 , the crack begins to grow. Because of the large tensile stress, the molecular chains of the tip of the crack are damaged. They are represented by × symbol in Figure 6 (b). The crack of the horizontal specimen grows in crack direction, while the nonoriented molecular chains of the vertical specimen are weak. When the maximum shear stress of the tip of the crack equals the shear strength shown in Figure 7 , the molecular chains in vertical direction represent the shear failure indicated by × symbol in Figure 6(d) . The direction of the maximum shear stress occurs at a 45-degree angle shown in Figure 7 . Hence, the crack of the vertical specimen grows at 45 degrees. The conclusions based on the molecular chain model are consistent with the experimental results.
Conclusion
Extended digital image correlation was used to measure the displacement field near the tip of the crack when the cracks grow in different directions in oriented PMMA. The crack of the horizontal specimen grows in the crack direction, while the crack of the vertical specimen grows in an oblique direction. Because the molecular chains perpendicular to the oriented direction are not oriented, the mechanical properties are weaker. The nonoriented molecular chains of the vertical specimen are damaged first, and the crack grows in an oblique direction.
The critical load of different specimens was measured. The experiment shows that the critical load of the horizontal specimen is larger than that of the vertical specimens. Therefore, the crack perpendicular to the directional tension grows more easily.
Based on the analysis of the fracture morphology we conclude that the horizontal specimen has better fracture mechanical properties than the vertical specimen because of the oriented molecular chains.
Based on our experiments, the molecular chain model of oriented PMMA could be established. The analysis results using the molecular chain model are consistent with the results of the experiment, which confirms the reliability of the molecular chain model. Using the molecular chain model, the surface crack of the real component should be paid more
